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1  INTRODUCTION 


Trir  prcjeci  hi?  h-Pi"  ''.-.'•csrned  with  the  characterisation  of  the 
compressive  behaviour  of  three  types  of  ?52  fibres,  PET,  P30  and  ABP30, 
developed  under  the  USAF  ordered  polymer  programme.  The  chemical 
structure  of  the  fibres  is  given  below; 


Poly(p-phenylene  benzobisthiasole)  —  PBT 


1 


Poly(p-phenylene  faenzobisoxazole)  —  PBO 


?oly(2,5(6)-benzoxazole) — .A3P30 

They  were  supplied  in  both  the  as-spun  (AS)  and  heat-treated  forms 
(KT).  The  heat-treatment  temperature  were  650  “c  for  PBT,  600  “c  for 
PBO  and  525  "c  for  A3PB0. 

The  fibres  are  known  to  have  very  impressive  properties  in 
tension  but  their  behaviour  during  compressive  loading  was  thought  to 
be  relatively  poor.  The  project  has  therefore  been  concerned  with  a 
detailed  study  of  compressive  deformation  of  these  three  types  of 
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fibres  in  both  the  AS  and  HT  state. 

The  structure  of  the  fibres  has  been  characterised  using  a 
combination  of  wide-angle  X-ray  diffraction,  optical  microscopy  and 
scanning  electron  microscopy.  The  tensile  properties  have  been 
evaluated  by  the  tensile  deformation  of  single  fibres  e.mploying 
different  gauge  lengths  to  eliminate  end  effects.  The  formation  of 
kinkbands  during  compressive  deformation  is  observed  in  the  first 
instance  from  the  examination  of  fibres  in  the  optical  and  scanning 
electron  microscope  following  bending  in  air.  This  is  measured 
quantitatively  by  compressing  epoxy  composite  samples  containing  single 
P3Z  fibres  aligned  parallel  to  the  compression  direction.  The  strain  at 
which  failure  by  kinking  takes  place  is  determined  by  the  direct 
observation  of  kinkband  formation. 

Molecular  deformation  in  the  P3Z  fibres  has  been  followed  using 
Raman  microscopy.  It  is  found  that  the  bands  in  the  Raman  spectra  of 
the  fibres  shift  to  lower  frequency  on  the  application  of  a  tensile 
stress  or  strain  and  the  rate  of  shift  is  correlated  with  the  modulus 
of  the  fibres.  The  onset  of  kinkband  formation  can  be  determined  very 
accu.'ately  by  obtaining  Raman  spectra  from  single  filaments  subjected 
to  axial  compressive  deformation  within  the  epoxy  resin  block.  In 


addition,  it  has  been  possible  to  measure  the  stress-strain  behaviour 


cf  fibres  in  both  tension  and  compression  using  the  Raman  technique. 


2  EXPERIMENTAL  DETAILS 


2-i  Characterisation  of  materials 


2-1-1  X-ray  diffraction 

Wide-angle  x-ray  scattering  (MAXS)  patterns  were  obtained  from 
bundles  of  the  AS  and  HT  ?3T,  PBO  and  A3P30  fibres  using  a  fiat-plate 
transmission  geometry  and  Ki-filtered  CuKw  radiation.  This  enabled  the 
level  of  molecular  orientation  in  the  different  types  of  fibre  to  be 
comnared. 


2-1-2  Scanning  electron  microscope 

AS  and  HT  ?3T,  ?30  and  A3P30  fibres  were  examined  in  a  scanning 
electron  microscope  (SEK,  Philips  505).  They  were  cleaned  with  solvent 


and  then  rendered  conductive  by  sputter  coating  with  a  thin  layer  of 
geld.  The  fibres  were  viewed  in  different  directions  to  examine  their 
perfection  and  deformed  by  bending  and  compressing  in  order  to  observe 
the  kinkbands.  Fibres  which  viere  fractured  in  an  Instron  model  1121 


using  a  crosshead  speed  of  imm/rain  were  also  examined. 


2-1 
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-3  Mechanical  testing  of  single  fibres 

Individual  fibres  of  AS  and  HT  ?3T,  ?B0  and  ABP30  fibres  were 
mounted  across  holes  on  paper  cards  using  a  slow-setting,  cold-curing, 
epoKy  resin  adhesive.  Once  the  adhesive  had  set,  the  pieces  of  card 
were  mounted  betv/een  fibre  testing  grips  in  a  Instrcn  model  il2i  and 
the  card  edges  were  cut.  Data  for  stress-strain  curves  were  collected 
using  an  H?  85  computer  and  also  chart  paper.  Load  ranges  of  between  2 
:■  .d  511  were  employed  using  a  5K  capacity  load  cell  and  gauge  lengths  of 
50,  S4,  liO  and  130mm  were  used.  The  fibre  strain  was  determined  from 
the  crcsshead  displacement  and  a  crosshead  speed  of  Imm/min  was  used 
making  initial  strain  rates  of  3.3  iC's*',  2.0  x  iC’s'^  i.5 

iO“'s  ■  and  i.3  x  iC'^s'*  for  the  gauge  lengths  of  50,  S4,  liO  and 
i30,T.m  respectively.  .At  least  10  samples  of  each  type  of  fibre  and  gauge 
length  -were  employed.  .Ail  tests  were  carried  cut  at  23  e  1°C  and  a 
relative  humidity  of  50  z  5%. 


2-1-4  Baman  microsccpy 

Haman  spectra  were  obtained  from  AS  and  HT  ?BT,  ?30  and  A3P50 
fibres  using  a  P.aman  microscopy  system  (Figure  2.1).  This  is  based  upon 
a  SPBX  1403  double  mcnochror  atcr  connected  to  a  modified  Mikon  optical 
microscope  -which  was  -used  to  focus  the  incident  beam  on  the  fibre.  .A 
x40  objective  lens  'with  a  numerical  aperture  cf  0.65  was  vised  for  the 
free-standing  fibres  and  this  ga-v^e  a  2  urn  spot  on  the  fibre  when 
focused.  .A  x20  objective  lens  -with  a  mmerical  apsraturs  of  3.4  -was 
used  fcr  the  single  fibre  composites  beca-ose  it  had  a  larger  working 
distance.  This  enabled  the  laser  beam  to  be  focused  on  fibre?  beicw  the 
surface  of  the  resin  and  th-us  soectra  to  be  obtained  from  the  fibres 


Comput'er 


Figure  ,l.l(c)  A  schematic  diagram  of  Raman  microscope  system. 
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inside  the  resin.  The  light  was  polarized  parallel  to  the  fibre  and 
polymer  chain  axis.  The  scattered  light  was  then  collected  using  the 
iSO"  backscattering  geometry  and  focused  on  the  entrance  slit  of  the 
S?EK  i'lOS  double  monochromator.  Spectra  were  obtained  at  a  spectral 
band  pass  of  the  order  of  +5cm*^  using  the  632. 8nm  line  of  a  lOmW 
Helium  Meor  (Ke/Ne)  laser  for  AS  P30  and  AS  A3P30  fibres  whilst  a 
^es.Onm  line  from  Argon  Ion  (.Ar/Ion)  laser  operating  at  an  intensity  of 
5mW  was  used  for  AS  and  KT  PBT,  HT  P30  and  HT  ABP30  fibres.  The  He/Ke 
laser  was  used  for  AS  PEO  and  .A3P30  fibres  and  the  Ar/Ion  laser  was 
used  for  the  rest  of  the  fibres  because  it  had  been  found  that  better 
spectra  could  be  obtained  with  the  particular  laser.  The  detector  used 
was  a  Vfright  Instrument  CCD  camera  employed  for  recording  the  Raman 
spectra.  The  CCD  camera  was  preferred  because  t  v«;as  more  accurate  and 
faster  than  a  phetomuitiplier.  This  was  then  interfaced  to  the  computer 
where  the  spectra  were  analysed  (Figure  2.1(b)). 
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2-2  Sfi'ect  ox  deformation  on  vhe  Banian  spectra 

Spectra  were  obtained  from  free-standing  fibres  during 
deformation  using  the  small  straining  rig  shown  in  Figure  2.2  which 
fitted  directly  onto  the  microscope  stage.  Individual  free-  standing 
fibres  were  fixed  between  aluminium  foil  tabs  'which  were  placed  onto 
the  .-.1  blocks  of  the  straining  rig  using  cyanoacrylate  adhesive,  giving 
a  gauge  length  of  abo’ut  iSmm,  which  was  measured  accurately  using  the 
light  microscope.  The  fibres  were  deformed  by  displacing  the  blocks 
using  a  micrometer  attachment  'which  could  be  read  to  fO.OOSmm.  This 
allowed  a  precision  of  the  order  of  j;0.03%  for  strain  measurement. 
Raman  spectra  were  obtained  during  deformation  by  scanning  strong 
individual  peaks  between  loading  steps  of  0.1%  strain.  Since  it  took 
about  20  seconds  to  scan  a  peak  this  corresponded  to  an  effective 
strain  rate  of  the  order  of  3  x  10‘^s‘\ 
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j  2-3  Continuous  single  fibre  composites 

Single  fibre  composites  were  prepared  using  Ciba-Geigy  XD927  two 

i 

I  -  -  . 

i  part  solvent  free  cold  setting  epoxy  resin,  using  100  parts  (by  weight) 

I  of  resin  to  35  parts  of  hardener.  The  epoxy  resin  was  sufficiently 

» 

transparent  and  free  from  fluorescence  that  Raman  spectra  could  be 

1 

\  measured  for  embedded  fibres.  A  "  dog-bone  ”  shape  PTFE  mould  (Figure 

2.2)  v.’as  filled  with  half  of  the  resin/hardener  mixture  and  allowed  to 

'  set  partially  before  the  fibre  and  the  rest  of  the  epoxy  resin  were 

added.  In  this  way  a  tensile  specimen  could  be  produced  with  a  fibre 
aligned  within  +5“  to  the  axial  direction  at  the  centre  of  a  5mm  thick 
section.  In  this  way  a  long  fibre  was  aligned  along  the  length  of  the 
specimen.  After  setting  for  7  days  at  room  temperature  (24  +3°C),  thin 
film  resistance  strain  gauge  of  gauge  factor  2.06  were  attached  with 
adhesive  to  the  surface  of  the  specimen  at  the  centre  of  the  fibre 
(Figure  2.4).  It  was  possible  to  measure  matrix  strain  to  an  absolute 
accuracy  of  +o.oi%  with  a  Digital- voltmeter  (DVM). 

All  the  specimens  were  polished  to  give  a  smooth,  transparent 
surfaces  and  holes  were  drilled  at  both  ends  to  accomodate  the  clamps 
used  to  apply  the  tensile  stress  in  the  fibre  direction.  The  tensile 
tester  (Figure  2.5)  was  mounted  on  a  micrometer  slide  so  that  the  whole 
length  of  the  specimen  could  be  transversed  through  the  incident  laser 
beam.  The  tester  used  was  a  "  Minimat  produced  by  Polymer 
Laboratories,  The  sample  was  tnen  extended  to  about  0.5%  before  the 
fibre  and  the  matrix  start  to  yield  so  that  the  same  sample  could  be 
used  for  the  compression  test. 


Pigute  2.4  (a)  Single  fibre  composite  specimen. 

The  fibre  is  located  at  the  centre  of  the  specimen 
and  a  resistive  strain  gauge  is  attached  to  the 
outer  surface. 

(b)  Sketch  of  snecimen. 
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2-4  Compression  of  composites 

The  composites  used  for  the  study  of  compression  were  the  same  as 
the  ones  used  for  the  tensile  test.  They  were  obtained  by  cutting  the 
two  ends  of  the  "  dcg-bone  "  shaped  composites  leaving  a  small 
rectangular  block  with  a  gauge  length  of  about  1.2cm  as  shown  in  Figure 
2.6.  It  was  accomodated  in  a  compression  cage  (Figure  2.7)  where  it  was 
compressed.  Grease  was  applied  at  .both  ends  of  the  composite  to 
lubricate  the  surfaces  and  hold  it  in  place  in  the  compression  cage. 
Increments  of  compressive  strain  of  about  0.03%  was  applied  to  the 
composite  by  the  "  Minimat  "  miniature  materials  tester  through  the 
cage  up  to  a  compressive  strain  of  about  1%.  A  picture  of  the 
compression  cage  is  shown  in  Figure  2.8. 


Figure  2.8  Compression  cage. 

(a)  Dismantled;  ("b)  assembled 
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2-5  Optical  microscopy 

An  Olympus  Manager  optical  microscope  system  was  used  to  measure 
the  diameter  of  the  fibres  for  the  calculation  of  stresses. 
Measurements  'were  made  at  three  differevit  positions  on  the  fibre  vising 
a  xeO  objective  ie.ns  and  the  mean  value  of  the  diameter  of  each 
individual  fibre  was  used  for  the  calculation.  A  Olympus  Vanox-T 
optical  transmission  microscope  was  used  to  view  the  kinkbands  'with  a 
:<20  objective  iens  and  the  poiymer  Laboratories  "  Minimat  "  was  used  to 
compress  the  sample.  At  each  level  of  compressive  strain  an  optical 
micrograph  was  taken.  The  film  was  developed  later  and  the  number  of 
kinkbands  at  each  lev'el  of  strain  was  counted  from  a  photographic  print 
at  a  magnification  of  x4G0.  The  matrix  strain  was  measured  using 
resistance  strain  gauges.  The  optical  micrographs  of  the  as-received 
fibres  and  the  fibres  deformed  by  bending  were  also  taken  using  an 
Olympus  Vancx-T  optical  transmission  microscope  'with  a  >:40  objective 
lens. 
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3  RESULTS  AND  DISCUSSION 


3-1  Characterisation  of  materials 


3-1-1  Optical  microscopy  and  scanning  electron  microscopy 
of  as-received  fibres 


PBT  fibres 

Figures  3.1(a)  and  (b)  show  the  optical  micrographs  of 
as-received  AS  and  KT  PBT  fibres  in  air  at  the  magnification  of  a400. 
It  can  be  observed  that  kinkbands  are  already  present  and  a.  e 
perpendicular  to  the  fibre  direction  although  KT  PBT  fibres  are  more 
opaque  compared  to  the  as-spun  fibres  that  make  the  appearance  of  the 
kinkbands  less  obvious.  It  was  found  that  there  are  more  ki..kbands 
present  in  AS  PBT  fibres  compared  to  the  rest  of  the  fibres  iludied. 
They  may  have  been  formed  during  processing  or  handling. 

Figures  3.2(a)  and  (b)  show  the  scanning  electron  micrographs  of 
the  surfaces  of  as-received  AS  and  HT  PBT  fibres  respectively.  The 
surface  of  AS  PBT  fibres  were  found  to  be  relatively  smooth, 
defect-free  and  of  uniform  appearance  whereas  the  surfaces  of  HT  PBT 
fibres  have  a  granular  appearance.  The  granular  appearance  may  be  due 
to  the  high  temperature  treatment  of  PBT  fibres  (i.e  650  "c  )  giving 
rise  to  degradation.  PBT  fibres  were  found  to  have  an  approximately 
circular  cross-section  and  to  be  relatively  uniform  in  diameter  along 
the  fibre.  The  diameters  of  AS  and  KT  PBT  fibres  obtained  by  Image 
Manager  microscope  are  shown  in  Table  3.1.  Measurements  were  mads  at 
three  different  points  along  each  individual  fibre  for  mechanics! 
testing  but  a  mean  value  from  about  SO  fibres  is  presented  in  Table 


figure  5.2  Scanning  electron  micrographs  of  as-received  PBT 
fibres,  (a)  As-spun;  (b)  heat-treated 


Materials 


Diameter(  urn) 


AS  PBT 

13.78  +  0.18 

HT  PBT 

13.97  +  0.23 

AS  PBO 

21.37  +  2.03 

HT  PBO 

16.43  +  1.79 

AS  ABPBO 

16.32  +  1.16 

KT  ABPBO 

15.96  +  1.16 

Mean  diameters  of  80  measurements  with 
standard  deviations  of  AS  and  KT  PBT,  P30 


and  AEPBO  fibres. 
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3.1.  It  can  be  seen  that  PBT  fibres  have  a  smaller  diameter  than  PBO 
and  ABPBO  fibres.  PBT  fibres  show  no  sign  of  kinkbands  in  the  scanning 
electron  micrographs. 

PBO  fibres 

Figures  3.3(a)  and  (b)  show  the  optical  micrgraphs  of  as-received 
AS  and  HT  PBO  fibres  in  air  at  the  magnification  of  :<400.  It  can  be 
observed  that  kinkbands  are  already  present  in  both  .AS  and  HT  PBO 
fibres.  The  kinkbands  in  AS  PBO  fibres  are  perpendicular  to  the  fibre 
direction  (similar  to  PBT  fibres)  while  are  at  an  angle  in  HT  PBO 
fibres  although  HT  PBO  fibres  are  more  opaque  than  the  equivalent 
as-spun  fibres  which  makes  the  appearance  of  the  kinkbands  less 
obvious. 

Figures  3.4(a)  and  (b)  show  the  scanning  electron  micrographs  of 
the  surfaces  of  as-received  AS  and  HT  PBO  fibres  respectively.  The 
surfaces  of  AS  PBO  fibres  are  relatively  smooth  (but  not  as  smooth  as 
AS  PBT  fibres)  compared  to  the  KT  PBO  fibres.  The  granular  appearance 
of  HT  PBO  fibres  (similar  to  HT  PBT  fibres)  may  be  due  to  the  high 
temperature  treatment  (i.e  600*0)  giving  rise  to  degradation.  PBO 
fibres  were  found  to  have  an  approximately  circular  cross-section  and 
some  of  them  have  a  "  figure-of-eight  "  cross-section.  The  diameters  of 
AS  and  HT  PBO  fibres  are  shown  in  Table  3.1.  It  can  be  seen  that  PBO 
fibres  have  a  larger  diameter  than  the  PBT  and  ABPBO  fibres.  The  PBO 
fibres  show  no  sign  of  kinkbands  in  the  scanning  electron  micrographs. 


figure  5,4  Scanning  electron  micrographs  of  as-received  PBO 


.  (a)  As-spun;  (b)  heat  treated 
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ABPSO  fibres 

Figures  3.5(a)  and  (b)  show  the  optical  micrographs  of 
as-received  AS  and  HT  ABPBO  fibres  in  air  at  a  magnification  of  .':400. 
As  can  be  seen,  kinkbands  are  already  present  in  both  AS  and  HT  ABPBO 
fibres.  The  kinkbands  in  AS  ABPBO  fibres  are  at  an  angle  to  the  fibre 
direction  (similar  to  HT  PBO  fibres)  and  for  HT  ABPBO  fibres,  a  black 
V-shaped  patterns  of  kinkbands  can  be  seen  along  the  fibre  (quite 
different  from  the  rest  of  the  fibres). 

Figures  3.6(a)  and  (b)  show  the  scanning  electron  micrographs  of 
the  surfaces  of  as-received  -AS  and  HT  ABPBO  fibres  respectively.  The 
surfaces  of  both  the  AS  and  HT  ABPBO  fibres  are  relatively  smooth 
(similar  to  AS  PBO  fibres)  compared  to  the  HT  ?BT  and  HT  PBO  fibres. 
ABPBO  fibres  were  found  to  have  approximately  circular  cross-section 
and  some  of  them  have  a  "  figure-of-eight  "  cross-seccion.  The 
diameters  of  AS  and  HT  ABPBO  fibres  are  shown  in  Table  3.1.  ABPBO 
fibres  show  no  sign  of  kinkbands  in  the  scanning  electron  microgiaphs. 


-1-2  X-ray  diffraction 


PBT  fibres 

The  Wide-angle  X-ray  scattering  (WAXS)  patterns  for  the  AS  and  HT 
fibres  of  PBT  are  shown  in  Figure  3.7.  The  as-spun  fibers  have  a 
pattern  consisting  of  diffuse  equatorial  peaks  and  weak  layer  lines 
(Figure  3.7(a)).  The  heat-treated  fibres  have  sharper  equatorial  peaks 
and  better  defined  layer  lines  (Figure  3.7(b)),  indicating  an 
improvement  in  structural  order  as  reported  previously(l).  These  W.AXS 
patterns  are  also  similar  to  those  found  by  previous  workers  on  PBT 
tapes(2,3).  Odell  et  al(3)  reported  that  the  (001)  meridional 
reflections  of  PBT  fibre  were  due  to  the  periodicity  of  the  repeat  unit 
aiong  the  molecular  axis  (intramolecular  interference).  They  also 
eoorted  that  only  (hkO)  equatorial  reflections  in  selected  area 
■on  diffraction  (SAED)  patterns  were  from  crystalline  material. 
Ti.  )nce  of  (hkl)  off-axis  reflections  as  observed  in  Figure  3.7 

indicates  that  the  "  crystallites  "  giving  rise  to  the  (hkC) 
reflections  are  not  three-dimensionaliy  (30)  ordered,  but  only  20 
laterally  ordered  due  to  axial  disorder  of  the  molecules.  It  is  thought 
that  the  heat  treatment  increases  the  conjugation  length  in  the  polymer 
by  improving  the  planarity  of  the  molecule.  This  leads  to  the  colour 
change  in  the  materials  following  heat  treatment  resulting  in  a 
better-defined  molecular  structure  and  improved  orientation. 
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PBO  fibres 

WAXS  patterns  for  the  AS  and  HT  ?3C  fibres  are  shown  in  Figure 
3.S.  The  pattern  for  the  as-spun  fibres  can  be  seen  to  consist  o: 

diffuse  equatorial  peaks  which  become  sharper  following  heat  treatment 
at  600“c,  indicating  an  improvement  in  structural  order.  The  patterns 
also  shot-J  a  limited  number  of  weak,  off-axis,  first  order  (hkl) 

reflections,  indicative  of  3D  crystallinity  in  the  fibres  in  both  the 

as-spun  and  the  heat-treated  conditions.  Significant  sharpening  of  the 
off-axis  (hkl)  reflections  in  the  heat-treated  fibres  Indicate  that 
there  is  an  increase  in  3D  order  and/or  crystailite  size  upon  heat 

treatment  as  reported  previously(‘;).  The  3D  crystallinity  in  PBO 
contrasts  with  the  axial  disorder  in  ?3T  where  no  off-axis  (hkl) 
reflections  are  observed.  It  may  be  that,  compared  with  r.on-planar  PBT 
molecules,  the  planar  molecules  of  PBO  have  improved  chain  axis 
registry,  thus  promoting  3D  crystallinity  in  both  the  as-spun  and 
heat-treated  fibres.  However,  only  first  order  (hkl)  reflections  are 
present  in  PBO,  whereas  many  higher  order  (hkl)  reflections  are 
observed  in  aramids  such  as  poly(p-phenyiene  tere?hthalamids)(?PTA), 
indicating  that  the  PBO  crystalline  structu,re  is  not  as  well  ordered  as 


PPTA. 
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ABFBO  fibres 

WAX’S  patterns  for  the  AS  and  KT  A3PB0  fibres  are  shown  in  Figure 
3.9.  The  pattern  for  the  as-spun  fibres  can  be  seen  to  consi.st  of 
diffuse  equatorial  peaks  which  become  sharper  following  heat  treatment 
as  reported  previously(‘i)  and  observed  in  as-spun  and  heat-treated  PBT 
and  P30  fibres.  It  should  be  noted  that  very  well-defined  off-a:;is 
first  order  (h'Kl)  reflections  develop  following  the  heat  treatment, 
indicative  of  3D  crystallinity  for  A3P30  fibres  in  heat-treated 
condition.  It  has  been  reported(4)  that  the  VJAXS  pattern  foi'  as-spun 
.A3P30  shows  a  limited  number  of  well  defined,  off-axis,  first 
order(hkl)  reflections  but  this  is  not  apparent  in  Figure  3.9(a). 
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3-i-3  Mechanical  testing 

Stress-strain  curves 

Four  sets  of  specimens  with  various  gauge  lengths  namely;  50,  84, 
110,  130  mm  for  AS  and  HT  PET  ,  PBO  and  ABP30  fibres  were  tested. 
Typical  stress-strain  curves  for  individual  AS  and  HT  PBT,  PBO  and 
ABPBO  fibres  at  50mm  gauge  length  are  shown  in  Figures  3.10,  3.11  and 
3.12  respectively.  The  curves  for  AS  PBT,  PBO  and  .ABPBO  fibres  show 
pronounced  deviations  from  linearity  at  strains  of  about  0.8%,  0.8%  and 
1.3%  respectively.  In  contrast  the  curves  for  the  HT  PBT,  PBO  and  ABPBO 
fibres  are  approximately  linear  up  to  fracture  with  no  indication  of 
yield.  Similar  behaviour  has  been  found  by  other  workers  for  PBT 
fibres(l,5).  However,  the  behaviour  is  quite  different  from  that  of  a 
different  batch  of  AS  PBO  fibres  reported  previously(6)  where  the 
stress-strain  curves  were  found  to  be  approximately  linear  with  no 
yield  or  inelastic  behaviour.  This  may  be  due  to  batch-to-batch 
variation  of  fibre  properties. 


STRAIN  (%) 


Figure  3.12  Stress-strain  curves  for  individual  ABPBO  fibres 
(a)  As-spun;  (b)  heat  treated 
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Scctnning  electron  micrographs  of  fractured  fibres  from 
mechanical  jesting 

S2M  images  of  fracture  surfaces  of  AS  and  HT  F3T,  PBO  and  ABF30 
fibre  are  shown  in  Figures  3.13,  3.1-;  and  3.15  respectively.  All  fibres 
show  limited  ductility  and  spliting  of  the  fibre  along  the  fibre 
direction  at  the  point  of  fracture.  Some  fibrillation  of  the  fibres 
also  occured  in  all  types  of  fibre. 

The  response  of  the  fibres  to  mechanical  deformation  varies 
somewhat.  Away  from  the  fracture  surface,  some  fibrillation  on  the 
sides  of  the  fibres  was  observed  in  the  AS  FBT  fibres  (Figure  3.16(a)) 
and  AS  ABP30  fibres  (Figure  3.18(a))  while  a  skin-core  structure  was 
observed  in  AS  PBO  fibres  (Figure  3.17(a)).  Cracking  along  the  fibre 
direction  can  be  seen  in  the  KT  P3T  (Figure  3.16(b)),  KT  PBO  (Figure 
3.17(b)),  AS  .A3P30  (Figure  3.18(a))  anc.  HT  A3P30  fibres  (Figure 
3.18(b))  while  HT  A3P30  fibres  show  fewer  instances  of  crack.ing  along 
the  fibre  direction.  Figures  3.i8(a)  and  (b)  show  the  presence  of  voids 
in  AS  and  HT  A3PB0  fibres  respectively  although  there  is  some 
contamination  on  HT  A3PBO  fibres.  Further  away  from  the  fracture 
region,  kinkbands  caused  by  the  recoil  forces  acting  on  the  broken  ends 
of  a  fibre  after  tensile  failure  can  be  seen  in  all  types  of  fibre 
(Figures  3.19,  3.20  and  3.21).  This  damage  is  the  result  of  compressive 
stresses  developed  during  snap-  back,  or  recoil,  the  magnitude  of  which 
e/:ceeds  the  compressive  strength  of  the  fibre(7).  The  recoil  damage  is 
most  severs  in  AS  PBO  fibres  (Figure  3.20(a))  while  is  less  apparent  in 
HT  AEPBO  fibres  (Figure  3.2i(b)).  The  production  of  these  kinkbands  has 
been  used  by  Allen  ^7)  to  investigate  the  compressive  properties  of 
these  types  of  fibres. 


Figure  5.1"(a)  SEM  of  AS  PBT  fibre  fracture  surfaces 


igure  5 •15(b)  SEK  of  HT  PBT  fibre  fracture  surfaces 


Fisrure  t,  15(b)  SSK  of  HT  ABP30  fibre  fracture  surfaces. 


O  If  »  XV  \  V  ; 


Cracking  along  fibre  direction  in  HI’  PBT  fibre 


! 


Figure  3.17(a)  Skin  core  structure  of  AS  PBO  fibre. 


•10;im  4.0  kU  10  1E3  M0  14.  00  A  BP  BO  AS 


Figure  3.18(a)  SSK  of  AS  ABPBO  fibre  revealing  the  presence 
of  a  void. 


Figure  5.18(b)  SSK  of  HT  ABPBO  fibre  revealing  the  presence 


of  a  void. 


0.1  mm  4.0  kU  6.00E2  0008/00  PBTftSFl 


I  ascii; 


Figure  3.19(a)  Tensile  reco31  damage  observed  in  AS  PBT  fibre 


Figure  3.19(b)  Tensile  recoil  damage  observed  in  HT  PBT  fibre 
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Effect  of  g&uge  length  on  mechanical  properties 

The  diameter  of  the  individual  fibres  was  measured  using  the 
Image  Manger  microscope.  Measurements  were  made  at  three  different 
points  along  each  individual  fibre  and  a  mean  value  of  the  three  was 
obtained  and  used  for  the  calculation  of  stresses.  The  mechanical 
properties  of  AS  and  HT  PBT,  ?BO  and  ABPBO  fibres  for  four  sets  of 
different  gauge  lengths  are  shown  in  Table  3.2  and  each  set  represents 
the  average  of  at  least  10  specimens.  The  Young  's  modulus  vs  1/lsngth 
curves  for  AS  and  HT  PBT,  PBO  and  ABPBO  fibres  are  shown  in  Figures 
3.22,  3.23  and  3.24  respectively.  The  corrected  Young's  modulus  are 
obtained  by  extrapolating  the  straight  line  to  infinite  gauge  length 
i.e  l/length=0.  It  was  found  that  the  corrected  Young's  modulus  was 
higher  than  the  practical  Young's  modulus.  This  is  due  to  the  fact  that 
the  end  effects  are  eliminated  at  infinite  gauge  length.  The  factors 
that  give  rise  to  the  end  effects  are  discussed  below: 

(1)  Effective  gauge  length:  The  stress  in  the  fibres  will  not  disappear 
at  the  edge  of  the  ciamp  but  will  fall  to  zero  at  some  point  within  it. 
The  gauge  length  of  the  fibres  as  measured  will  thus  be  less  than  the 
true  (or  effective)  gauge  length  which  is  undergoing  the  test.  This 
means  that  the  measured  stress-strain  curve  will  not  be  the  true 
stress-strain  curve.  The  strain  will  tend  to  be  overestimated  giving  a 
lower  value  of  modulus.  This  effect  is  assumed  to  be  constant  for  the 
different  gauge  length,  hence  the  reduction  in  modulus  due  to  this 
effect  is  greater  for  short-r  gauge  length  fibres  and  can  be  removed  by 
extrapolating  to  infinite  gauge  length. 

(2)  Slippage:  Another  problem  encountered  in  the  tensile  test  is  that 
of  clamping.  Slippage  may  or  may  not  occur  depending  on  the  amount  of 
adhesive  used  aru  how  well  it  is  adhers  to  the  fibres  on  the  paper 
cards.  This  Is  mere  likely  to  occur  at  low,  rather  than  high  rates  of 
extension.  However,  slippage  can  be  recognised  from  the 


Materials 

Gauge 

Modulus 

Tens i 1 e 

Elongation 

Length 

Strength 

to  break 

(mm) 

(GPa) 

(GPa) 

(%) 

AS  ABPBO 

50 

70.3  +  5.2 

1.99  +  .25 

3.82  +  .40 

84 

80.2  +  6,1 

1.98  +  .34 

3.38  +  .56 

110 

79.1  +  7.6 

1.90  +  .35 

3.08  +  .64 

130 

84.0  +  5.4 

1,90  +  .26 

2.96  +  ,45 

HT  ABPBO 

50 

119.5  +  9.0 

2.00  +  .43 

1.80  +  .28 

84 

125.4  +  9.7 

1.87  +  .33 

1.48  +  .25 

110 

126.9  +  14.8 

1.87  +  .39 

1.52  +  .21 

130 

127.8  +  13.3 

1.65  +  .26 

1.35  +  .21 

Table  3.2(b)  Mechanical  properties  of  AS  and  HT  ABPBO  fibres  for 
four  sets  of  different  gauge  length  with  standard 


dev  iation. 


MODULUS  (GPo.)  MDDULUS(GPa 
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load/dispiacement  curves  which  are  disregarded  when  it  tal?:es  place. 

(3)  Strain  rate:  The  speed  of  extension  used  in  this  experiment  is 
constant  i.e  Imm/min  for  different  gauge  length.  Hence  it  is  expected 
that  the  strain-rate  (which  is  defined  as  the  extension  rate  divided  by 
the  gauge  length)  will  be  different  for  different  gauge  length. 
However,  the  difference  in  strain  rate  between  gauge  lengths  of  5Cmm 
and  130mm  is  relatively  small  (i.e  only  a  factor  of  2.6).  Hence  the 
effect  of  strain  rate  on  the  stress-strain  curve  i.e  the  mechanical 
properties  of  these  types  of  fibre  (with  high  glass  transition 
temperature  and  melting  temperature)  at  room  temperature  can  be 
neglected. 

Figures  3.25,  3.26  and  3.27  show  the  variation  of  tensile 

strength  with  gauge  length  and  Figures  3.28,  3.25  and  3.30  show  the  % 
elongation  to  break  with  gauge  length  for  AS  and  KT  ?3T,  PBO  and  ABPBO 
fibres  respectively.  The  corrected  tensile  strength  and  %  elongation  to 
break  are  obtained  by  extrapolating  a  straight  line  joining  the  data 
points  to  zero  gauge  length.  It  was  found  that,  the  corrected  tensile 
strength  and  %  elongation  are  higher  than  the  practical  values  for  the 
AS  and  HT  P3T,  PBO  and  ABPBO  fibres.  This  is  because  the  shorter  the 
gauge  length,  the  fewer  the  number  of  defects  in  the  fibres  and  hence 
the  higher  the  tensile  strength  and  %  elongation  to  breaVn  It  is 
thought  that  the  types  of  defects  that  may  be  present  are  kinkbands  and 
flaws  (Figures  3. 1-3.6). 

The  slopes  of  Young's  modulus  vs  i/length  and  tensile  strength 
and  %  elongation  to  break  vs  gauge  length  plots  for  AS  and  HT  PBT,  PBO 
and  .ABPBO  fibres  are  shown  in  Table  3.3.  It  can  be  seen  that  the  slope 
varies  slightly  from  fibre  to  fibre.  However  they  are  of  the  same  order 


GAUGE  LENGTH(MM) 


Figure  5.25  Tensile  strength  versus  gauge  length  curves 

for  PRT  fibres,  (et>  Hs-spun:  (b)  heat  treated 


TENSILE  STRENGTH(GFa) 


13  26  39  52  65  76  91 

GAUGE  LENGTH(MH) 


Figure  3.26  Tensile  strength  versus  gauge  length  curves 


for  PBO  fibres,  (a)  As-spun;  (b)  heat  treated 
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Figure  5,27  Tensile  strength  versus  gauge  length  curves 

for  ABPBO  fibres,  (a)  As-spun;  (b)  heat  treated 


GAUGE  LENGTH(HM) 


Figure  3.28  %  elongation  to  break  versus  gauge  length  curves 

for  PBT  fibres,  (a)  As-spun:  (b)  heat  treated 


-  59  - 


Materials 

Slopes 

Modulus  vs 

Tensile  strength 

%  elongation 

(gauge  length)"  * 

vs  gauge  length 

to  break  vs 

gauge  length 

(GPa  mm) 

(GPa/mrr.) 

(%/mm) 

AS  PBT 

-600.30 

-2.3  X  10'^ 

-2.6  X  10"^ 

HT  PBT 

-1622.24 

-0.1  X  10"^ 

-1.2  X  10"^ 

AS  PBO 

-1002.66 

-2.9  X  10'^ 

-5.4  X  10"^ 

HT  PBO 

-2586.71 

-1.2  X  10"^ 

-3.1  X  10"^ 

AS  ABPBO 

-1004.81 

-1.2  X  10'^ 

-10  X  10"^ 

HT  ABPBO 

-677.74 

-3.9  X  10"^ 

-5  X  10"^ 

Table  3.3  Slopes  of  Young  's  modulus  vs  1/length  and 
tensile  strength  and  %  elongation  to  break  vs 
gauge  length  for  AS  and  HT  PBT,  PBO  and  A3PBO 


fibres. 
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and  all  have  a  negative  slope.  The  significance  of  these  variations  is 
not  clear,  but  it  can  be  reasoned  that  the  variation  of  tensile 
strength  and  %  elongation  with  gauge  length  will  depend  on  the  nuraber 
of  defects  in  the  particular  fibre.  On  the  other  hand,  the  variation  of 
modulus  with  gauge  length  is  a  geometrical  factor  which  would  be 
expected  to  be  relatively  constant  for  the  different  fibres. 

Comparison  of  corrected  mechanical  properties  between  different  fibres 

The  corrected  Young's  modulus,  tensile  strength  and  %  elongation 
to  break  obtained  from  four  sets  of  specimens  with  various  gauge 
lengths  and  the  approximate  yield  strains  are  given  in  Table  3.4.  The 
yield  strains  were  obtained  from  the  average  of  10  specimens  at  the 
gauge  length  of  50mm.  It  can  be  seen  that  the  corrected  Young's  modulus 
values  of  the  heat-treated  fibres  are  considerably  higher  than  the 
equivalent  figures  for  the  as-spun  fibres.  The  corrected  tensile 
strengths  of  the  HT  ?BT  and  .2^B?30  fibres  are  higher  than  the  equivalent 
as-spun  fibres  except  for  the  HT  P30  fibre.  The  corrected  %  elongation 
to  break  of  the  heat-treated  fibres  is  lower  than  for  the  equivalent 
as-spun  fibres.  The  increase  of  Young's  modulus  after  heat-treatment  is 
accompanied  by  an  improvement  in  structural  order  as  shown  earlier  in 
section  3-1-2.  It  seems  that  the  improvement  of  the  structural  order 
due  to  heat-treatment  also  reduces  the  elongation  to  break. 

It  can  also  be  seen  that  the  corrected  modulus  of  the  PBT  fibres 
is  higher  than  that  of  the  P30  fibres  which  is  different  as 
r9ported(4.8;  previously.  This  may  be  due  to  the  batch-to-batch 
variation.  It  was  also  observed  that  some  of  the  P30  and  ABPBO  fibres 
have  a  "  figure-of-eight  "  cross-section,  whereas  in  the  calculation  of 
the  stresses  and  modulus,  the  fibres  were  assumed  to  have  circular 
cross-sections.  It  should  be  noted  that  the  results  of  mo  lulus  and 
stress  measurements  depend  strongly  on  the  diameter  used.  If  the 
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Maieriais  Corrected  Corrected 

modulus  ■  tensile 

f 

strength 

(GPa)  (GPa) 

AS  PBT  194.8  +  li.5  2.09  +  .17 

HT  PBT  266.8  +  9.6  2.45  +  .43 


AS  PBO 

143.0  +  10.7 

3.32  +  .45 

2,89  +  .25 

0.78  +  .09 

HT  PBO 

262.3  +  20.8 

2.85  +  .54 

1.50  +  .22 

AS  ABPBO 

90.7  +  5.3 

2.06  +  .30 

4.34  +  .51 

1.28  +  .14 

HT  ABPBO 

133.2  +  11.7 

2.21  +  .35 

2.01  +  .27 

Table  3.4  Correc’ted  mechanical  properties  and  approximate  yield 
strain  for  AS  and  HT  PBT,,  PBO  and  ABPBO  fibres  with 


standard  deviation. 
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diameter  of  the  fibres  cannot  be  obtained  accurately,  then  the  results 
of  modulus  and  stresses  will  not  be  very  reliable. 
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3-2  Raman  microscopy 

3-2-1  Raman  spectra 

PBT  fibres 

Raman  spectra  could  be  obtained  from  any  position  on  the  AS  and 
HT  ?3T  fibres  using  relatively  low  powers  of  laser  radiation  -iSS.Onm 
line  of  an  laser  5mW  Ar/Ion.  Typical  spectra  from  undeformed  AS  and  HX 
PBT  fibres  are  shown  in  Figures  3.31(a)  and  (b)  respectively.  The 
spectra  consist  of  a  few  well-defined  intense  peaks  on  a  strong 
fluorescent  background.  The  level  of  the  fluorescence  increases  with 
heat-treatment  due  probably  to  some  degradation  of  the  fibres. 

It  can  be  seen  from  Figures  3.31(a)  and  (b)  that  three  principal 
bands  are  found  in  the  Raman  spectra  of  AS  and  KT  PBT  fibres  between 
1100  and  1700  cm"’.  These  are  located  at  approximately  1175,  1475  and 
1600  cm'*  with  the  1475  cm*'  band  being  the  most  intense  for  an 
excitation  wavelength  of  43S.0nm.  It  also  has  the  highest  strain 
sensitivity  (i.e  highest  Raman  shift  per  %  strain)  and  a  better-defined 
peak(l)  than  the  others.  Hence  it  was  chosen  for  further  study. 
Detailed  changes  in  the  spectra  during  deformation  are  described  in  the 
next  section.  The  1475  cm’’  band  v;as  tentatively  assigned  to  a 
stretching  mode  of  the  heterocyclic  rings  and  the  1500  cm"'  band  was 
thought  to  be  due  to  stretching  of  the  phenyl  rings  but  may  also 
contain  contributions  from  other  vibrations(9).  The  1175  cm'  ‘  band, 
■which  has  net  been  reported  in  PBT  solutions  or  solid  PBT  pelletsflO), 
may  be  d'ue  to  stretching  of  the  C-C  link  between  the  aromatic  rings,  or 
possibly  residual  acid(il). 
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PBO  fibres 

Typical  spectra  from  undeformed  AS  and  KT  PBO  fibres  obtained 
using  He/Ne  laser  (for  AS  PBO)  and  Ar/Ion  laser  (for  HT  PBO)  are  shown 
in  Figures  3.32(d)  and  (b)  respectively.  It  can  be  seen  that  there  are 
five  principal  bands  between  1100-1700  cm' '  region  in  AS  PBO  fibres. 
These  are  located  approamately  1170  cm'',  1275  cm"',  1305  cm'*,  1540 
cm''  and  1617  cm' ‘  with  1617  cm''  band  being  the  most  intense.  The  1275 
cm'  ‘  band  has  been  used  for  further  study  because  it  has  the  highest 
strain  sensitivity  and  a  better  defined  peak(5)  than  the  others. 
Detailed  changes  in  the  spectra  during  deformation  are  described  in  the 
next  section.  It  can  also  be  observed  that  the  level  of  the 
fluorescence  increases  with  heat-treatment  due  probably  to  some 
degradation  of  the  fibres  (similar  to  HT  PBT  fibres).  In  fact  there  is 
so  much  fluorescence  for  HT  PBO  fibres  that  it  is  difficult  to  see  the 
bands  in  Figure  3.32(b).  It  has  not  been  possible  to  assign  them  al!  to 
molecular  vibrations  for  PBO  fibres  due  to  the  lack  of  P.aman  studies 
upon  model  materials  and  of  theoretical  analyses. 
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ABPBO  fibres 

Typical  spectra  from  undeformed  AS  and  HT  ABPBO  fibres  obtained 
using  He/Ne  laser  (for  AS  ABPBO)  and  Ar/Ion  laser  (for  HT  ABPBO)  are 
shown  in  Figure  3.33(a)  and  (b)  respectively.  It  can  be  seen  that  there 
are  nine  principal  bands  between  1100  and  1700  cm"  ‘  in  AS  ABPBO  fibres. 
They  are  located  approximately  1231  cm’’,  1261  cm"\  1311  cm"',  1339 
cm"',  1430  cm"’,  1457  cm"',  1552  cm' 1511  cm"  ‘  and  1529  cm' ‘  with  the 
1552  cm"*  band  being  the  most  intense.  It  also  has  the  highest  strain 
sensitivity  and  a  better  defined  peak  than  the  others.  Hence  it  was 
chosen  for  further  study.  Detailed  changes  in  the  spectra  during 
deformation  are  described  in  the  next  section.  It  can  also  be  observed 
that  the  level  of  the  fluorescence  increases  with  heat-treatment  due 
probably  to  some  degradation  of  the  fibres  (similar  to  HT  PBT  and  KT 
PBO  fibres).  Again  the  fluorescence  is  so  strong  for  the  HT  ABPBO  fibre 
that  it  is  difficult  to  see  the  peaks  in  the  spectrum.  It  has  not  been 


possible  to  assicn  the  bands  to  molecular  vibrations  for  .ABPBO  fibres 


due  to  the  lack 


of  Paman  studies  upon  model  materials  and  of 


theoretical  analyses. 


RAMAN  FREOUENCYIcm-’) 


Figure  3.33  Raman  spectra  in  the  range  of  1100-1700  cra“'  for 

individual  ABPBO  fibres  obtained  at  0%  fibre  strain 
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3-2-2  Effect  of  deformation  on  the  Raman  spectra 


PBT  fibres 

Spectra  of  AS  and  HT  P3T  fibres  (Figures  3.34(a)  and  (b) 
respectively)  were  obtained  using  Ar/Ion  laser  because  the  spectrum  was 
not  as  good  using  Ke/Ne  laser.  It  has  been  reported  that  very  well 
defined  spectra  can  be  obtained  when  using  a  He/N'e  laser  for  AS  and  KT 
P5T  fibr6s(l)  with  a  photomultiplier  detector,  this  may  be  again  due  to 
batch-to-batch  variation  between  fibres  and  the  characteristics  of  the 
CCD  camera.  Figures  3.34(a)  and  (b)  show  the  spectra  for  .AS  and  KT  P2T 
fibres  of  undeformed  and  deformed  to  2%  strain  in  the  1435-1515  cm'^ 

I 

region  and  it  can  be  seen  that  there  is  a  significant  change  in  the 
position  of  the  1475  cm"'  band  during  deformation.  It  can  also  be  seen 
that  there  is  some  broadening  of  the  peak  during  deformation.  The  shift 
shows  that  within  the  individual  fibres  the  molecules  are  ejcperiencing 
different  levels  of  stress.  The  broadening  shows  that  there  is  an 
average  level  of  stress  but  some  molecules  appear  to  be  overstressed 
and  others  understressed.  Similar  behaviour  has  been  reported  by  Viool 
and  coworkers(12-14)  from  their  infra-red  studies  on  polypropylene 
fibres,  although  they  bear  little  structural  similarity  to  PBT  fibres. 

The  effect  of  deformation  upon  the  1475  cm" '  peak  for  AS  and  KT 
PBT  fibres  can  be  seen  in  more  detail  in  Figures  3.35(a)  and  (b) 
respectively  where  peak  position  is  plotted  as  a  function  of  strain.  A 
few  AS  PBT  fib'"es  were  taken  out  from  the  bundles  at  random  for  testing 
and  found  to  have  a  slight  different  slopes  in  a  Paman  frequency 
against  fibre  strain  plot  as  shown  in  Figure  3.35(a).  This  shows  that 
there  appears  to  be  a  variation  between  individual  fibres.  It  can  also 
be  seen  in  Figure  5.35(a,i  that  there  is  a  nnear  shift  in  Raman 


I 
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RELATIVE  INTENSITY 


RAMAN  FREQUENCY  (cm'') 


Figure  5.34(a)  Raman  spectra  in  the  region  of  the  I475  cm"'  band  for  an 
AS  PBT  fibre  obtained  at  fibre  strain  (e^)  of  0%  and  2% 
showing  the  peak  shift  using  Ar/Ion  laser. 


Figure  3.34(b)  Raman  spectra  in  the  region  of  the  1475  cm~'  band  for  a 
HT  PBT  fibre  obtained  at  fibre  strain  (e^)  of  0%  3.nd  2% 
shov/ing  the  peak  shift  using  Ar/Ion  laser. 


RAMAN  FREQUENCY  (cm- 


Figure  3,35  Variation  of  the  position  of  the  I475  cm'*  pe, 
With  fibre  strain  for  PBT  fibres,  (a)  As-spun 
(b)  heat  treated 
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frequency  up  to  a  strain  of  an  average  of  about  0.9%  and  then  there  is 
no  further  shift.  It  is  highly  likely  that  the  discontinuity  is  due  to 
yielding  in  the  AS  PBT  fibres  since  the  stress  and  strain  curves  of  the 
fibres  show  an  yield  point  of  about  0.8%  (Table  3.4),  although  differet 
strain  rates  were  used  for  the  two  types  of  test.  It  was  shown  in  the 
mechanical  testing  that  the  deformation  of  the  heat-treated  higher 
modulus  PBT  fibres  is  more  elastic  than  the  as-spun  ones  since  they  do 
not  undergo  yield.  This  is  confir.med  in  Figure  3.35(b)  where  there  is  a 
linear  decrease  in  frequency  of  the  peak  V'jith  increasing  fibre  strain 
up  to  fracture.  The  unstrained  peak  position,  Raman  shift  factor  (i.e 
slope)  and  the  intercept  for  the  plot  of  Raman  frequency  against  fibre 
strain  is  shown  in  Table  3.5.  An  average  Raman  shift  factor  of  -4.51 
cm‘V%  strain  for  AS  PBT  fibres  and  12.50  cm'V%  strain  for  KT  PBT 
fibres  can  be  seen  in  Table  3.5.  This  is  much  lower  for  AS  PBT  fibres 
compared  to  previous  report(l)  (i.e-s.3  cm'’,''%  strain)  but  is  about  the 
same  for  HT  PBT  fibres.  The  difference  betv;een  the  .AS  PBT  fibres  could 
be  due  to  the  variation  in  the  m.ethod  of  manufacture.  The  yield  strain 
and  strain  to  failure  is  shown  in  Table  3.5  and  compare  wei!  with  the 
values  obtained  during  mechanical  testing. 

Figure  3.36  shows  the  plot  of  Raman  shift  factor  (i.e  slope  o: 
the  plots  in  Figures  3.35)  against  tensile  modulus  for  PBT  fibres.  It 
can  be  seen  that  the  rate  of  Raman  shift  is  higher  fcr  the  heat-treated 


fibres  than  the  as-spun  ones  which  has 
previously.  The  different  values  of  modulus 
heat-treatments  reflect  differen-:  degrees  of 
such  fibres.  The  KT  PBT  fibres  -with  better  alig 
the  X-ray  diffraction  pattern  in  section 
of  m.odulus  because  more  stress  is  being 


also  been  reportedCl) 
due  to  a  variety  of 
molecular  alignment  in 
ned  molecules  (shov.'n  in 
the  *r;ichsst  Isvsis 
t!y  by  ♦■'oe  covalent 


3-1-2;  have 


Mater i a  1 s 

Peak 

^  '  . . T 

V 

• 

Average 

Intercept 

Average 

pos  i  tion 

V 

intercept 

(cm'  ’) 

( cm' * /%) 

\ 

■ 

(cm'  '/<%) 

( cm' ' ) 

(cm'’ ) 

AS  PBT 

-3.23 

-4  .  51+ .91 

1479.8 

1479.1+1.2 

■■ 

■4.99 

■ 

-5 . 31 

1477.5 

HT  PBT 

■ 

-12.50 

-12.50 

1474.2 

1474.2 

AS  PBO 

1275 

-5  .  26 

-5  .  08+.61 

1278.6 

1278.1+0.5 

-4 . 78 

1277.4 

-4 . 25 

1277.8 

-5 . 00 

1278.6 

-6 . 09 

1278.2 

HT  PBO 

-8 .75 

-8  .75 

1276.1 

1276.1 

AS  ABPBO 

1552 

-3 . 74 

-3  .92+. 24 

mm 

1554.2+0.5 

-3 . 89 

1555.0 

' 

-3  .  72 

-4 . 31 

HT  ABPBO 

-5.92 

-5  .92 

1557.8 

1557.8 

Table  3.5  Peak  position,  Raman  shift  factor  (i.e  slope,  v)  and 

intercept  for  the  plot  of  Raman  frequency  against  fibre 
strain  of  AS  and  HT  PBT,  PBO  and  ABPBO  fibres  with 


standard  deviations. 
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Figure  3.36  Raman  shift  factor  as  a  function  of  the  tensile 


modulus  for  PBT  fibres. 


Ifwifcarii 
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bonds  in  the  molecular  backbone.  This  is  then  reflected  in  the 
magnitude  of  the  strain  induced  frequency  shifts  that  would  be 
expected.  Hence,  when  the  technique  is  being  used  to  study  the 
deformation  of  individual  fibres  or  their  behaviour  in  composites,  it 
will  be  more  sensitive  and  accurate  for  the  hicher  modulus  fibres. 


PBO  fibres 

Figures  3.37(a)  and  (bj  show  the  spectra  for  .^S  and  KT  PBO 

fibres,  undeformed  and  deformed  state  of  2%  strain  in  the  1255-1295 
—  1  —1 

cm  and  1240-1320  cm  '  regions  respectively.  It  can  be  seen  that  there 
is  a  significant  change  in  the  1275  cm’’  band.  Spectra  of  KT  F30  fibres 
were  obtained  using  an  Ar/Ion  laser  because  no  good  spectra  could  be 
obtained  using  Hs/Ne  laser.  It  can  also  be  seen  that  there  is  some 

broadening  of  the  peak  during  deformation  (similar  to  P3T  fibres). 

The  effect  of  deformation  upon  the  1275  cm’  ‘  peak  for  AS  and  KT 

PBO  fibres  can  be  seen  in  more  detail  in  Figures  3.33(a)  and  (b) 

respectively.  It  was  found  that  there  is  a  slight  different  slopes  in 
the  plots  of  Raman  peak  frequency  against  fibre  strain  for  a  few  fibres 
tested  at  randomi  and  this  shows  that  there  is  a  variation  betv/een  each 
individual  fibre  (similar  to  .AS  ?3T  fibres).  It  can  also  be  seen  in 

Figure  3.38(a)  that  there  is  a  linear  shift  in  frequency  up  to  a  strain 
of  an  average  of  about  0.8%  and  then  there  is  a  change  in  slope.  Again 
it  is  highly  likely  that  the  discontinuity  is  due  to  yielding  in  the  .AS 
PBO  fibres  since  the  stress  anf  strain  curves  of  the  fibre  also  show  a 
yield  point  of  about  0.3%  ■.Table  3.4'.  It  was  shown  in  the  mechanical 
test  that  the  deformathon  of  heat-treated  higher  modulus  fibres  are 
.more  elastic  than  the  as-spun  ones  since  they  do  not  undergo  yield. 
This  is  confirmed  in  Figure  3.33(b)  where  it  can  be  seen  that  there  is 


I  I 
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Figure  5*57(a)  Raman  spectra  In  the  region  of  the  1275  cm"*  band  for 
AS  PBO  fibre  obtained  at  fibre  strain  (e^)  of  0%  and  2 
showing  the  peak  shift  using  He/Ne  laser. 


! 
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RAMAN  FREQUENCY  (  cm“') 

Figure  5.57(b)  Raman  spectra  in  the  region  of  the  1275  cm"'  band  for  a 
HT  PRO  fibre  obtained  at  fibre  strain  of  0%  and  Z% 

showing  the  peak  shift  using  Ar/Ion  laser. 

I 
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a  linear  decrease  in  frequency  of  the  peak  witn  increasing  fibre  strain 
up  to  fracture.  The  peak  position,  Raman  shift  factor  (i.e  slope)  and 
the  intercept  for  the  plot  of  Ra-.an  frequency  against  fibre  strain  is 
shown  in  Table  3.3.  The  yield  strain  and  strain  to  failure  is  shown  in 
Table  3.6. 

Figure  3.39  show  the  pict  of  Raman  shift  factor  against  modulus 
for  ?BO  fibres.  It  can  be  seen  that  the  rate  of  shift  is  higher  for  HT 
?30  fibres  than  AS  ?30  fibres  which  has  also  been  reported(6) 
previously  (again  similar  to  P3T  fibres. 


ABP30  fibres 

Figures  3.40(a)  and  (b)  show  the  spectra  in  the  region  of 
1535-1570  cm  '  and  1515-1590  cm'  ‘  for  .AS  and  KT  ABFEO  in  the  undeformed 


and  deformed  state  and  it  can  be  seen  that  there  is  a  significant 
change  in  the  position  of  the  1552  cm"'  band  with  deformation.  Spectra 
of  HT  ABP30  fibres  were  obtained  using  Ar/Ion  because  the  spectrum 
obtained  by  He/Me  laser  is  not  as  well  defined  as  spectra  obtained  by 
Ar/Ion  laser.  It  can  also  be  seen  that  there  is  some  broadening  c:  the 
peak  during  deformation  (similar  to  F3T  ana  F50  fibres). 

The  effect  of  deformation  upon  the  1552  cm"'  peak  for  .AS  and  HT 
ABP30  fibres  can  be  seen  in  more  detail  in  Figures  3.41(a)  and  (b, 
respectively.  A  few  .AS  .A3P30  fibres  were  taken  out  from  the  bundles  at 
random  for  testing  and  found  to  have  a  slight  different  slopes  in 
frequency  against  fibre  strain  plot  as  shown  in  Figure  3.41  <'a'  (similar 
to  .A.S  PBT  and  .AS  P3C  fibres).  This  shows  that  there  is  a  slight 
variation  betweer.  individuai  fibres.  It  can  also  be  seen  in  Figure 


average  c:  about  arid  ther.  there  is  no  further  shift.  It  is  hicrhly 
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Figure  3*59  Raman  shift  factor  as  a  function  of  the  tensile 
I  modulus  for  PBO  fibres. 
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Figure  3.40(a)  Raman  spectra  in  the  region  of  the  1552  cm~’  band  for  an 
AS  ABPBO  fibre  obtained  at  fibre  strain  (e^)  of  0%  and 
showing  the  peak  shift  using  Ho/Ne  laser. 
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Figure  3.40(b)  Raman  spectra  in  the  region  of  the  1552  cm”*  band  for  a 

HT  ABPBO  fibre  obtained  at  fibre  strain  (e^)  of  0%  and  2% 
shov/ing  the  peak  shift  using  Ar/Ion  laser. 


likely  that  the  discontinuity  is  due  to  yielding  in  Ihe  AS  ABP30  fibre 
since  the  stress  and  strain  curves  of  the  tibre  show  an  yield  point  of 
about  1.3%  (Table  3.4).  It  was  shown  in  the  mechenical  testing  that  the 
deformation  of  the  heat-treated  higher  modulu'  .A3P30  fibres  is  more 
elastic  than  the  .AS  ABPEC  fibres  since  they  do  not  'indergo  yield.  This 
■  s  confirmed  in  Figure  3.41(b)  where  it  can  be  seen  that  there  is  a 
linear  decrease  in  frequency  of  the  peak  with  increasing  fibre  st''ain 
up  to  fracture.  The  peak  position,  Raman  shift  factor  (i.e  slope)  and 
the  intercept  for  the  plot  of  Raman  frequency  against  fibre  strain  is 
shown  in  Table  3.5.  The  yield  strain  and  strain  to  failure  of  .AS  and  KT 
.ABP30  fibres  is  shown  in  Table  3.5. 

Figure  3.42  shov;s  the  plot  of  Raman  shift  factor  against  modulus 
for  ABP30  fibres.  It  can  be  seen  that  the  rate  of  shift  is  higher  for 
KT  .ABPBO  fibres  than  .AS  ABPBO  fibres  (sim.ilar  to  PBT  and  P30  fibres) 
and  consistent  with  heat  treatment  improving  orientation  and  structural 
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3-2-3  Extension  of  the  composites 

Figures  3.43,  3.44  and  3.45  show  the  plots  of  the  Raman  frequency 
at  the  mid-point  of  the  fibre  against  the  composite  tensile  strain 
.measured  by  the  strain  gauge  for  .A.S  and  HT  PBT,  PBO  and  A3PB0  fibres 
respectively  in  the  single  continuous  fibre  composite  samples.  Table 
3.7  shows  the  intercept  and  slope  of  Raman  frequency  against  composite 
tensile  strain  and  intercept  and  slope  of  fibre  strain  against 
composite  tensile  strain  for  that  types  of  fibre.  Figures  3.45,  3.47 
and  3.48  show  the  plot  of  Raman  shift  factor  against  tensile  modulus 
for  PBT,  PBO  and  ABPBO  fibres  respectively.  .As  can  be  seen  the  slope  of 
Raman  frequency  against  composite  tensile  strain  curves  is  higher  for 
the  heat-treated  fibres  than  the  as-spun  fibres.  It  can  also  be 
observed  that  there  is  a  slight  different  between  the  slope  and 
intercept  of  the  Raman  frequency  against  composite  tensile  strain  and 
the  calibration  curve  for  some  of  the  fibres  section.  The  slight 
difference  in  slope  and  intercept  between  them  may  be  due  to  the  better 
gripping  of  the  fibres  in  the  composite  but  also  tne  higher  noise  and 
fluorescence  cause  by  the  epoxy  resin.  Hence  it  is  suggested  that  iri 
the  future  a  spatial  filter  might  be  necessary  to  decrease  the 
fluorescent  or  the  cam.era  gain  should  be  reduced  so  as  to  increase  the 
exposure  time  and  hence  reduce-  the  noise.  However,  it  can  be  seer,  that 
there  is  an  approximately  linear  increase  in  the  fibre  strain 
calibrated  using  free-standing  fibre  data  with  composite  tensile  strain 
as  would  be  expected  from  simple  considerations  of  composite 
micromechanics  ''Figure  3.49).  The  Ra.man  frequency  may  be  converted  into 
the  fibre  strain  by  the  calibration  C',.r--'e  which  was  obtained  by  using 


the  fibre  was  used  for  the  calibration  test  ’the  slope  and  intercept  of 


TENSIlt  STRAIN  (  %  I 


Figure  5.45  Variation  of  the  position  of  the  1475  cm“*  peak 
with  composite  tensile  strain  for  a  single  PBT 
fibre  composite,  (a)  As-spun;  (b)  heat  treated 
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Variation  of  the  position  of  the  1275  cm~'  peal 
v/ith  composite  tensile  strain  for  a  single  PBO 
fibre  composite,  (a)  As-spun;  (b)  heat  treated 
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Figure  5.45  Variation  of  tae  position  of  the  1552  era"*  peak 
with  composite  tensile  strain  for  a  single  ARPBO 
fibre  composite,  (a)  As-spun;  (b)  heat  treated 
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Types  of  single 

1 

Raman  frequency  vs 

Fibre  stra 

r.  vs  : 

fibre  composite 

composite  strain 

composite  strain  J 

i 

i 

i 

intercept 

Slope 

Slope  1 

! 

1  AS  P3T 

1 

; 

1460.2 

(1480.1) 

“5.15 

(“4.99) 

-0.02 

i 

1.06  ; 

1 

1 

1 

JIT  P5T 

1476.2 

(1474.2) 

-14.70 

(-12.50) 

“0 . 22 

1 

1  ^  ! 
1  •  , 
1 

1 

1 

i 

AS  PBO 

1277.8 

(1278.2) 

-5 . 44 
(-6.09) 

0 .07 

1 

0.90  j 
1 

HT  PBO 

1275.9 

(1276.1) 

“9 . 74 
(“8.75) 

0.02 

1.03  j 

1 

1 

AS  ABPBO 

1553.3 

(1553.6) 

-3.62 

(-4.31) 

0.07 

C  .  84 

HT  ABPBO 

1557.3 

(1557.8) 

-7.31 

(-5.92) 

0.21 

0 . 84 

1 

Table  3.7  Intercept  and  slope  of  Raman  frequency  against  composite 


tensile  strain  and  fibre  strain  against  composite  tensile 
strain  for  AS  and  HT  P3T,  PBO  and  ABPBO  fibres  (The  data 
in  brackets  are  for  free-standing  fibres). 


RAMAN  SHIFT  FACTOR  (  cm-'/%) 


modulus  for  ABPBO  fibres. 
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.49  Variation  of  the  fibre  strain  with  applied 

composite  tensile  strain  for  a  single  AS  PBT 
fibre  composite. 
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the  calibration  curve  for  a  free  standing  fibre  is  indicated  in 
bracVtets  in  Table  3.71  and  the  other  haif  was  used  to  prepare  the 
composite  so  as  to  minimise  the  effect  due  to  variation  between  fibres. 
It  is  expected  in  this  sample  geometry  that  the  fibre  and  matrix  strain 
should  be  equal.  This  is  similar  to  the  behaviour  found  by  Robinson  et 
al(15}  for  a  short  poiydiacetylene  fibre  and  by  .-.ng(S)  for  a  long 
continuous  KT  ?BT  fibres. 
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3-2—5  Compression  of  the  composites 


PST  sing'le  fibre  composites 

Axial  compression  o:  highly-orienisd  l-.-.gh  modulus  polymeric 
fibres  results  in  the  formation  of  so-called  V.inVibands  '17,  18,  19). 
figures  3.50(a)  and  (b)  sho'--:  the  plot  of  Raman  frequency  against 

compressi'v'e  co.mposite  strain  for  AS  and  HT  ?3T  fibres  respectively,  it 
must  be  noted  that  for  the  Raman  microscopy  technique  the  laser  beam  is 
focused  at  a  small  spot  on  the  fibre,  i.e  ic  is  a  localised  test 

method.  It  can  be  seen  that  the  Raman  frequency  increases  in  the 

initial  stages  of  compression  until  compressive  failure  of  the  fibre 
occurs.  The  frequency  then  remains  approximately  constant  although 
there  is  scatter  in  the  data.  It  will  be  shown  later  in  section  3-3 

that  this  region  of  constant  frequency  with  increase  compressive 
composite  strain  corresponds  to  the  kinking  of  the  fibre.  As  the  fibres 
kink,  the  increase  oi  c.ompressive  composite  strain  is  not  transferred 
directly  to  elastic  deformation  o:  the  backbone  of  the  molecule  which 


has  already  been  kinked  but  to  the  backbone  of  the  m.olecuie  where 
kir.kbands  have  not  fcrm.ed  yet.  Therefore  there  is  an  cverail 


displacement  of  the  composite  but  no  further  overall  molecular 
strainincr  and  hence  no  increase  =rs  frecuencv  is  observed  after  the 


fibre  has  kinked  at  that  particular  point.  It  is  therefore  suggested 


that  kinkbands  are  nucleated  In  a  localised  area  st  a  c.ertain  critical 
fibre  strain  arsd  then  propagate  at  nearly  constant  cverail  crm.pressive 


tiore  strain,  *he  •ntsrcepr  anc  initial  s;ope  o:  the  piot  in  ngure 


2. 50,  the  ratio  ;f  the  initial  slope 


rnear  recic 


compression  curve  tc  tensile  .ourvs  (?.)  and  the  compressive  ccmposite 
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I  Types  of  single 

• 

i  f'bre  composite 
i 

i 

Raman  freq-^ency  vs 

1 

ccmoosite  strain 
' 

i 

i 

i 

i 

i 

intercept 

Slope 

1 

1 

1 

1 

s 

1 

[ 

.AS  ?3T 

1479.3 

(1430.2) 

2.70 

(-5.15) 

-0.73 

0.52 

KT  ?3T 

j 

1474.5 

(1476.2) 

■■ 

3.64 

(-14.70) 

-0.23 

0.59 

AS  ?30 

1277.2 

(1277.8) 

4.70 

(-5.44) 

-0.61 

0.86 

HT  PBO 

1276.0 

(1275.9) 

7.46 

(-9.74) 

-0.17 

0.77 

AS  A3PB0 

1553.4 

(1553.3) 

3.85 

(-3.62) 

-0.60 

1.05 

j  Hi  A3PB0 

1 

1 

1557. 3 
(1557.3) 

6.07 

(-7.31) 

-0.27 

0.83 

Table  3.8  Intercept  and  slope  of  Raman  frequency  against 
compressive  composite  strain  plot,  compressive 
strain  at  which  compressive  failure  of  fibre 
occurs  and  the  ratio  of  the  slope  of 

compression  to  tensile  curve  (R)  for  AS  and  KT 

ibres  (The  data  in  bracV:ets 
composi te) . 


?5T,  ?30  and  A3P30  : 
are  for  extension  of 


Figure  5.51(a)  Raman  frequency  shift  versus  composite  strain 
for  extension  and  compression  of  single  AS  PBT 
fibre  composite. 
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Figure  3-52  Variation  of  the  position  1475  era”'  peak  v/ith 

position  along  the  AS  PBT  fibre  for  tv/o  different 
levels  of  applied  compressive  composite  strain  (e^). 


There  is  more  point-to-poini  variation  due  to  kinkbands  at  the  higher 
level  of  compressive  composite  strain.  The  variation  is  less  at  OSfe 


compressive  composite  strain  and  ir.  this  case  the  point-to-pcint 
variation  may  be  due  tc  the  presence  of  kinkbands  in  the  as-received 
fibre.  (It  was  found  from  optical  .Tucroscope  in  section  3-1-1  that 
there  are  more  kinkbands  present  in  the  as-received  .^S  ?3T  fibres 
compared  to  the  others).  It  can  be  deduced  that  the  unifor.nity  of  the 
strain  along  the  fibre  is  less  for  higher  compressive  composite  strains 
due  to  the  presence  of  a  large  number  of  kinkbands.  It  should  also  be 
noted  that  the  point-to-point  variation  for  two  different  levels  of 
compressive  composite  strain  is  very  close  due  to  the  fact  chat  the 
Raman  frequency  shift  factor  AS  P3T  fibres  is  relativeiy  ■smaii.  However 
it  can  be  seer,  that  for  a  hicher  level  of  compressive  comncsite  strain, 


fhe  points  are  generally  at  a  higher  Raman  frequency. 
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PBO  single  fibre  composites 

figures  S.5?.(a)  and  (b)  show  the  plot  of  Kaman  frequency  against 

compressive  composite  strain  for  AS  and  KT  ?50  fibres  respectively.  It 

can  be  seen  that  the  Raman  frequency  increases  in  the  initial  stages  of 

compression  until  compressive  failure  of  the  fibre  occurs.  The 

frequency  then  remains  approximately  constant  although  there  is  scatter 

in  the  data  (similar  to  ?BT  fibres).  The  intercept  and  initial  slope  c: 

the  above  plot,  the  ratio  of  the  initial  slope  of  the  linear  region  of 

the  compression  curve  to  tensile  curve  (R)  and  the  compressive  strain 

at  which  the  compressive  failure  of  the  fibre  occur  (e  )  are  all  shown 

KR 

in  Table  3.3.  Again  the  value  of  is  higher  for  the  AS  PBO  fibres 
compared  to  the  HT  PBO  fibres  (as  for  P3T  fibres).  It  is  also 
noticeable  that  the  slope  of  the  plots  in  the  linear  compressive  region 
for  the  PBO  single  fibre  composites  is  not  the  same  as  that  found  in 
tensile  tests.  However  the  ratio  of  these  for  PBO  fibres  is  higher  than 
for  PBT  fibres.  The  whole  picture  for  the  plot  of  P.aman  frequency  shift 
against  composite  strain  for  both  extension  and  compression  of  AS  and 
HT  PBO  single  fibre  composites  can  be  seen  irj  Figure  3.54(a)  and  (b) 
respectively.  The  difference  in  slope  for  the  compressive  and  tensile 
reaions  is  annarant. 


COMPRESSIVE  STRAIN  (  %) 

Variation  of  the  position  1275  cm“*  peak  with 
compressive  composite  strain  for  a  single  PBO 
fibre  composite,  (a)  As-spun;  (b)  heat  treated 
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Figure  3,5A(t>)  Raman  frequency  shift  versus  composite  strain 
for  extension  and  compression  of  single  HT  PBO 
fibre  composite. 


Figure  3>56(b)  Raman  frequency  shift  versus  composite  strain 

for  extension  and  compression  of  single  HT  ABPBO 
fibre  composite. 


RAMAN  FREOUENCy 


Figure  5-57  Variation  of  the  position  1552  cm  peak  with 

position  along  the  !IT  ABPBO  fibre  for  two  different 
levels  of  applied  compressive  composite  strain 
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3-3  Observations  of  kinkband  formation 

P3T  single  fibre  composites 

Figures  3.58(a)  and  (b)  show  the  optical  micrographs  of  the 
appearance  of  V.inkbands  in  as-received  .SiS  and  HT  P3T  fibres  induced  by 
bending  in  air.  As  can  be  observed,  the  deformed  fibres  have  more  and 
darker- kinkbands  compared  to  the  undeformed  fibres  (Figure  2.1).  The 
kinkbands  are  perpendicular  to  the  fibre  direction  although  HT  PBT 
fibres  are  more  opaque  compared  to  the  equivalent  as-spun  fibres. 

Figures  3.5S(a)  and  (b)  show  the  scanning  electron  micographs  of 
the  appearance  of  kinkbands  in  as-received  AS  and  KT  PBT  fibres  induced 
by  bending  in  air.  Bulging  of  the  fibre  with  cracking  along  the  fibre 


direction  can  be  seen  in  the  kinkbands  in  the  AS  PBT  fibres.  Vihile  for 
HT  PBT  fibres,  there  is  also  fibri'.iation  on  the  tension  side  of  the 


An  optical  microscope  was  used  to  examine  the  formation  of 
kinkbands  in  the  single  fibre  mounted  in  epoxy  resin  composites  using 
transr.itted  light,  The  samples  were  compressed  and  micrographs  of  the 
fibre  were  obtained.  The  number  of  kinks  over  a  marked  length  '.approx 
irr.m)  were  counted  from  the  micrographs  at  x-00  magnification.  Figures 
3.60(a)  and  (b)  show  so.me  of  the  ootical  microcrachs  obtained  at 


Figure  5.58  Optical  micrographs  of  as-received  ?BT  fibres 
deformed  by  bending  in  air.  (a)  As-spun; 

(b)  heat  treated 


u  m 


i 


Figure  3.60  A  selection  of  optical  micrographs  shov/ing  the 

development  of  kinkbands  at  different  compressive 
strains  in  a  model  composite  containing  a  single 
PBT  fibre,  (a)  As-spun;  (b)  heat  treated 
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to  occur  at  the  kinkband  boundaries. 

(2)  New  kinkbands  tend  to  form  close  to  the  position  of  an  existing 
kinkbands,  suggesting  that  there  is  a  stress  concentration  near  the 
V.inkbands. 

(3)  An  increase  in  the  compressive  strain  not  only  creates  new 
kinkbands  but  existing  kinkbands  tend  to  be  darker  and  more  pronounced. 
This  suggests  that  the  amount  of  deformation  in  a  kinkband  increases  as 
reported  (21)  previously  in  Kevlar  fibres.  In  addition  to  the 
generation  of  new  kinkbands  and  the  thickening  of  each  kinkband,  the 
intersection  of  kinkbands  at  higher  level  of  compressive  composite 
strain  may  complicate  the  appearance  of  the  specimen. 

(4)  It  was  also  found  that  the  angles  of  kinkbands  remain  approximately 
constant  as  compressive  strain  is  increased.  This  is  also  observed  in 
Kevlar  fibres  (21).  The  angles  of  kinkbands  do  not  appear  to  be  uniform 
along  the  fibre,  they  range  from  55*  to  90“,  this  may  be  due  to  a 
variation  in  kinkband  angle  or  a  variation  on  the  viewing  angles.  The 
a.ngles  of  kinkbands  for  ?3T  fibres  (i.e  65*-50*  for  .AS  and  7C‘'-90“  for 
HT)  are  in  agreement  -with  previous  reports  (i.e  approximately  70* 
(22)).  However  the  angles  of  kinkbands  are  higher  for  the  KT  ?3T  fibres 
compared  to  AS  ?BT  fibres.  As  described  earlier  the  kinkbands  were 
found  to  be  approximately  perpendicular  to  the  fibre  direction  for 
as-received  AS  PBT  fibre  but  at  about  0.85%  compressive  strain,  a 
helical  Patterns  of  kinkband  started  to  appear. 

(5)  AS  and  HT  ?3T  fibres  (Figure  3.60)  show  a  progressive  helical 
formation  of  kinkbands  around  the  fibre  v:ith  increasing  load.  Helical 
compressive  kinV'.bancs  in  cylindricaiiy  orthotropic  materials  such  as 
wood  and  FPT.A  have  been  studied  by  DeTsresa  (22).  He  indicated  that  the 
PPTA  fibre  exhibits  cylindricaiiy  orthotropic  structural  syrnmetry,  like 


d 
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v;ood,  formed  by  a  collection  of  hypothetical  radial  sheets.  He 
concluded  that  the  formation  of  kinlcbands  in  orthotropic  materials 
result  from  shearing  between  the  planes  of  easy  shear  slip.  This 
mechanism  might  be  universal  for  orthotropic  materials  which  are 
compressed  parallel  to  the  planes  of  easy  shear  slip.  Helical  V.inkbands 
in  PPTA  and  wood  result  from  the  cylindricaily  orthotropic  symmetry  of 
these  materials.  DeTeresa  also  concluded  that  helical  hinkband 
formation  under  axial  compression  should  be  exhibited  by  other 
cylindricaily  orthotropic  materials  which  have  the  same  mechanical 
anisotropy  of  wood  and  PPTA  fibres.  P3T  fibres  may  exhibit  the  same 
compressive  failure  as  PPTA  fibres  since  it  is  a  cylindrical 
orthotropic  materials  as  well.  Many  workers  (22,  23)  have  reported  that 
kinkbands  were  close  to  the  surface  of  the  fibre. 

(6)  It  is  noted  that  the  orientation  of  the  kinkbands  along  the  PBT 
fibre  embedded  in  a  matrix  during  compression  is  slightly  different 
from  the  as-received  fibres  in  the  air.  The  difference  may  be  due  to 
constraint  of  fibre  embedded  in  the  epoxy  resin  which  is  similar  to 
that  for  a  composite.  The  Vunkbands  in  the  as-received  AS  and  HT  PBT 
fibres  in  the  air  (Figures  3.1(a)  and  (b)  respectively)  appear  to  be 
perpendicular  to  the  fibre  direction  while  the  kinkbands  in  A3  and  HT 
PBT  fibres  embedded  in  a  matrix  (Figure  3.60)  during  compression  are 
seen  to  grow  in  a  helical  manner  around  the  fibre.  This  may  be  due  to 
the  different  types  of  deformation  imposed. 

(7)  It  should  also  be  noted  that  a  very  fine  line  revealing  voids  can 
be  observed  in  the  middle  of  some  AS  PBT  fibres  but  were  not  so  obvious 
in  HT  PBT  fibres  and  a  few  disconnections  of  the  void  were  found  in  AS 
PBT  fibres  (Figure  3.61).  It  has  been  reported  that  a  large 
macrovoids  were  observed  in  .AS  PBT  fibres  (24). 
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isure  3. 51  Disconnection  of  line  in  undeformed  AS  PBT  fibre. 
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Figure  3.62  shows  the  number  of  kinkbands  as  a  function  of 
compressive  composite  strain  of  AS  and  HT  PBT  fibres.  The  number  of 
kinkbands  Vv'as  counted  in  more  than  one  areas  on  the  fibre  and  the 
results  were  found  to  be  almost  identical.  At  first  when  the  samples 
are  compressed  the  number  of  kinkbands  are  virtually  constant  (at  the 
as-received  level)  until  the  strain  at  which  new  kinkbands  start  to 
form  is  reached.  The  number  of  kinkbands  increases  rapidly  until  a 
point  where  no  new  kinkband  are  formed  is  reached. 

Table  3.9  shows  the  angles  of  kinkband  and  the  compressive 
composite  strain  at  which  new  kinkbands  start  to  form  (e  from  optical 
microscopy)  and  compressive  composite  strain  at  which  compressive 
failure  of  fibre  occurs  (e  from  Raman  microscopy)  for  AS  and  KT  PBT 
fibres.  It  can  be  seen  that  the  e^^  values  obtained  using  both 
techniques  for  AS  PBT  fibres  are  considerably  higher  than  for  the  HT 
PBT  fibres.  It  can  also  be  seen  that  the  results  obtained  from  Raman 
microscopy  are  slightly  different  fro.m  the  results  obtained  from 
optical  microscopy.  Ram.an  results  appear  to  be  lower  than  the  values 
obtained  from  optical  microscopy.  It  may  be  deduced  that  Raman 
microscopy  is  detecting  the  onset  of  kinkbanbs  before  they  can  be 
visualised.  However  the  results  obtained  from  both  techniques  may  not 
be  exactly  comparable  since  the  Raman  microscopy  only  focuses  on  a  spot 
on  the  fibre  of  a  few  urn.  Hence  it  is  a  localised  test  method  where 


variation  of  results  can  occur  from  local  inhomoaeneities.  In  constrast 


1 

Types  of  single 

fibre  composite 

Angles  of  kinkband 

(“) 

®KO 
/  \ 

®KR 

\  o ; 

AS  PBT 

55-90 

-0.80 

-0 . 73 

HT  PBT 

70-90 

-0.30 

-0 . 23 

AS  PBO 

60-77 

-0.86 

-0.61 

HT  PBO 

o 

CF> 

o 

-0.35 

-0.17 

AS  ABPBO 

60-80 

-0.87 

-0.50 

HT  ABPBO 

70-90 

-0.38 

-0.25 

Table  3.9  Angles  of  kinkband,  compressive  strain  at  which  new 
klnkbands  start  to  form  from  optical  microscopy  (e 
and  compressive  strain  at  which  compressive  failure 
of  fibre  occurs  from  Raman  microscopy  for  AS 

and  HT  PBT,  PBO  and  ABPBO  fibres. 
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P30  single  fibre  ccmposiies 

Fi-Jures  3.DS(a)  and  (b)  shot*:  th=  optical  micrographs  o:  Iha 
i'-inkbarids  in  as-received  AS  and  HT  fibres  induced  by  bending  in  air 
respectively.  As  can  be  observed,  the  deformed  fibres  have  more  and 
darker  Vtinkbands  compared  to  the  undeformed  fibres  (Figure  3.3;.  The 
kinkbands  in  AS  P30  fibres  are  perpendicular  to  the  fibre  direction 
(similar  to  P3T  fibres)  while  they  are  at  an  ancle  in  HT  PBO  fibrss 
although  HT  PBO  fibres  are  more  opaque  compared  to  the  equivalent 
as-spun  fibrss  which  makes  the  appearance  of  the  kinkbands  less 
obvious. 

Figures  3.64(a)  and  (b)  show  scanning  electron  rr.icrographs  of  the 
appearance  of  kinkbands  in  as-received  AS  and  KT  PBO  fibres  induced  by 
bending  in  air  respectively.  Bulging  of  the  fibrss  with  cracking  along 
the  fibre  direction  near  kinkbands  can  be  seen  in  both  types  of  fibres. 

Figures  3.65(a)  and  (b)  show  some  of  the  optical  micrographs 
rbtair.ed  at  different  levels  of  compressive  strains  for  AS  and  HT  PBO 
fibres  respectively.  It  can  be  seen  that: 

(1)  The  angles  of  Vtinkbands  remain  the  same  .as  compressive  strain 
increased  (similar  to  PBT  fibres).  The  angles  of  kinkbands  appear  not 


'•ng  the  fibre. 

they  range 

from  50"  to  90‘', 

this  ma 

y  be 

ion  in  actual 

angle  or 

■a  v^ri^tlcri  or* 

the  vie 

wing 

the  angles  of 

kinkbands 

are  higher  for 

the  HT 

PBO 

fibres  than  for  AS  PBO  fibres  (similar  to  PBT  fibres). 

(2)  The  kinkbands  in  AS  and  HT  PBO  fibres  appear  cpticaiiy  as  a  few 
faint  and  fin?  black  lines  grouped  t-gether  at  s  particular  angle  u.e 
6D''-3C'^'  to  the  fibre  anis.  It  is  believed  that  eacr.  faint  and  fine 
black  line  represent?  the  buckling  tf  separated  rrlcrcfibri;'  due  to  the 
elastic  instability  ’25).  If  the  corr.pressive  strain  increases  in  the 


u  n’ 


Figure  5 


of  optical  micrographs  showing  the 


slopment  of  kinkbands  at  different  compressive 
sins  in  a  model  composite  containing  a  single 
fibre,  (a)  As-spun;  (b)  heat  treated 


fibre,  the  core  of  the  black  line  group  gets  darker  and  many  faint  and 
fine  black  lines  are  added  to  the  group.  It  is  believed  that  the 
darkening  of  the  core  means  that  the  separation  and  buckling  of 
microfibriis  progressess  through  the  fibre(25b  Careful  observation  of 
Figures  3.65  show  that  the  compressive  kinkbands  for  ?BO  fibres  appear 
as  black  V-shaped  bands. 

(3)  The  kinkbands  in  the  as-receive-d  AS  and  HT  P30  in  the  air  (Figure 
3.3)  appear  to  be  perpendicular  for  the  AS  ?30  fibres  and  for  the  HT 
?30  fibres  at  an  angle  to  the  fibre  direction.  The  kinkbands  of  the 
fibres  embedded  in  a  matrix  fFigvires  3.65(a)  and  (b))  appear  as  black 
V-shaped  bands  during  compression.  The  difference  may  be  due  to 
constraint  of  fibre  embedded  in  the  epoxy  resin  which  is  most 
appropriate  for  composite. 

(4)  A  very  fine  line  revealing  the  voids  can  be  observed  in  the  middle 
of  some  AS  and  HT  P30  fibres. 

Figure  3.66  shows  the  number  of  kinkbands  as  a  function  of 
compressive  composite  strain  of  AS  and  KT  P30.  The  number  of  kinkbands 
was  counted  in  more  than  one  areas  on  the  fibre  and  the  results  were 
found  to  be  almost  identical.  The  behaviour  of  the  curve  is  similar  to 
P3T  fibres. 


Table  3.9  shows  the  ancles  of  kinkband  and  the  comnressive 


com.ncsite  strain  at  which  new  kinkbands  start  to  form  (e  from  optical 


microscopy)  and  strain  at  which  compressive  failure  of  fibre  occurs 
(e  ^  from  P.aman  m.icroscooy)  for  AS  and  HT  P30  fibres.  It  can  be  seen 

k  K 


that  the  s  values  for  .AS  P30  fibres  are  consid^rabiv  higher  than  the 

k  ■“ 


HT  PBO  fibres. 


shows  the  cnticai  miicrccraohs  of 
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Figure  3.66  Number  of  kinkbands  versus  compressive  strain 
for  a  single  fibre  composite  of  AS  and  HT  PBO 


fibres. 


Figure  3.67  Optical  micrographs  of  (a)  original  0%); 

(b)  first  loading  (i.e  e^~  2,3%); 

(c)  relaxed  (i.e  back  to  e^z  0%)  and 

(d)  secondary  loading  (i.e  e^=  2.3%)  for  AS  PBO  single 
fibre  composite,  (e  z  compressive  composite  strain) 
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fibre  composite.  The  second  loading  was  applied  only  after  the  firs' 
loading  had  relaxed  completely.  The  kinkband.?  were  seen  in  the  fibre 
after  unloading  (Figure  3.67c))  indicating  that  permanent  deformation 
occurs  in  the  fibre  at  the  kink  boundary.  Similar  behavious  'nas  been 
reported  in  Kevlar  49  fibres  (25)  and  ?30  fibres  (25).  It  can  aiso  be 
seen  that  the  formation  of  kinkbands  from  the  first  and  second  loading 
is  in  exactly  the  same  position.  This  shows  that  the  fibre  has 
undergone  permanent  plas'-ic  deformation  after  e^.  The  detailed 
mechanism  of  the  deformation  has  been  reported  by  Dobb  et  al(27).  It 
would  appear  that  the  onset  of  plastic  deformation  during  compression 
arises  from  abrupt  localised  changes  in  orientation  of  the  molecular 
chains  to  form  kinkbands  (i.e  all  the  chains  -within  the  kinkband  -will 
be  sheared  with  respect  to  each  other).  F-urther  compression  produces  a 
pile-up  of  kinV:bands  -which  result  in  the  appearance  of  bands  of 
extruded  m.aterial  in  the  fibre  s-urface. 
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ABPBO  single  fibre  composiies 

Figures  3.68  (a)  and  (b)  show  the  optical  micrographs  of  the 
appearance  of  V.inkbands  in  as-received  AS  and  KT  ABPBO  fibres  induced 
by  bending  in  air.  .  As  can  be  observed,  the  deformed  fibres  have  more 
and  darker  kinkbands  compared  to  the  undeformed  fibres  (Figure  3.5). 
The  kinkbands  in  AS  .ABPBO  fibres  are  at  an  angle  to  the  fibre  direction 
(similar  to  HT  P30  fibres)  while  a  black  V-shape  patterns  of  kinkbands 
can  be  seen  along  the  fibre  in  HT  ABPBO  fibres. 

Figures  3.69(a)  and  (b)  show  the  scanning  electron  micrographs  of 
the  appearance  of  kinkbands  in  AS  and  HT  ABPBO  fibres  induced  by 
bending  in  air.  Bulging  of  the  fibre  with  cracking  along  the  fibre 
direction  at  the  point  of  kinkbands  can  be  seen  in  AS  ABPBO  fibres 
while  for  HT  ABPBO  fibres,  the  kinkbands  are  quite  different  from  the 
rest  of  the  fibres  described  earlier  as  no  cracks  or  any  bulging  of  the 
fibres  occur  at  the  point  of  kinkbands  formation.  The  kinkbands  are 
formed  at  an  angle  to  the  fibre  axis. 

Figures  3.70(a)  and  (b)  show  some  of  the  optical  micrographs 
obtained  at  different  levels  of  compressive  strains  for  AS  and  HT  ABPBO 
fibres  respectively.  It  is  noticeable  in  that: 

(1)  The  angles  of  kinkbands  remain  the  same  as  compressive  strain 
increasea  (similar  to  PBT  and  PBO  fibres).  The  angles  of  kinkbands 
appear  not  to  be  uniform  along  the  fibre,  they  range  from  60°-90‘',  this 
may  be  due  to  a  variation  in  kinkband  angle  or  a  variation  on  the 
viewing  angles.  The  measured  angles  are  slightly  higher  for  ABPBO 
fibres  (i.e  6C''-sr‘'  for  AS  and  70''-?c“  for  HT)  compared  to  previous 
report  (i.e  50‘'-60''  (22)).  Hoviever  the  angles  of  kinkbands  are  higher 
for  the  HT  ABPBO  fibres  than  for  the  .AS  .ABPBO  fibres. 


(2)  It  appears  that  the  formation  of  kinkbands  for  .ABPBO  fibres  is 


0% 


Figure  3.70  A  selection  of  optical  micrographs  showing  the 


development  of  Icinkbands  at  different  compressive 
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similar  to  ?BO  fibres.  The  kinkbands  appear  as  a  few  faint  and  fine 
black  lines  grouped  together  at  a  particular  angle  (i.e  60''-90‘')  to  the 
fibre  axis.  Careful  observation  of  Figures  3.70  show  that  the 
compressive  kinkbands  are  parallel  to  one  another  with  a  few  V-shaped 
bands  along  the  fibre. 

(3)  The  k.inkbands  in  the  as-received  kS  .^.3?B0  fibres  (Figure  3.5(a)'! 
are  parallel  to  one  another  and  at  an  angle  to  the  fibre  direction.  In 
constrast  the  .same  fibre  embedded  in  a  matrix  has  a  for.mation  of 
kinkbands  parallel  to  one  another  with  some  V-shaped  bands  (Figure 
3.70(a}).  The  kinkbands  in  the  as-received  KT  ABPBO  fibres  (Figure 
3.5(b))  in  air  appear  as  dark  V-shaped  bands  while  the  same  fibre 
embedded  in  a  matrix  has  a  formation  of  kinkbands  similar  to  the  AS 
ASF30  fibre  during  compression. 

(“i)  A  very  fine  line  revealing  the  voids  can  be  observed  in  the  middle 
of  AS  and  KT  A3F30  fibres  (similar  to  ?3T  and  ?30  fibres)  and  a  few 


disconnections  of  the  void  were  found 


A3F30 


flb'^ss  (Flours  3.7 


N 

/• 


Figure  3.72  shows  the  number  of  kinkbands  as  a  function  of 
cc.mpressive  composite  strain  of  AS  and  HT  .A3FB0  fibres.  The  number  o: 
kinkbands  was  counted  in  more  than  one  areas  on  the  fibre  and  the 
results  were  found  to  be  alm.ost  identical.  The  behaviour  of  the  curve 
is  similar  to  F3T  and  ?30  fibres. 

Table  3.9  shows  the  angles  of  kinkband  and  the  compressive 
comncsite  strain  at  which  new  kinkbands  start  to  form  (e  from  ootical 

KO 

microscopy)  and  strain  at  which  compressive  failure  of  fibre  occurs 
(e. ,  from  P.aman  microscopy)  for  .AS  and  KT  A3P30  fibres.  It  car.  be  seer. 

I,  ti 

that  the  e..  values  for  .AS  .ABFBO  fibres  are  considerably  'nigher  that  ftr 
the  HT  ABFBO  fibres. 


COMPRESSIVE  STRAIN  (  %  ) 


Figure  5.72  Number  of  kinkbands  versus  compressive  strain 

for  a  single  fibre  composite  of  AS  and  HT  ABPBO 


fibres. 
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4  CONCLUSIONS 

A  dstaiied  study  has  been  made  o:  the  relationship  between 
structure  and  mechanical  properties  of  both  as-spun  and  heat-treated 
P32  fibres  deformed  in  both  tension  and  compression.  Three  types  of 
fibres  have  been  studied  P3T,  PBO,  ABPBO  and  their  behaviour  has  been 
compared  in  detail.  The  findings  are  detailed  below: 


4-i  Structure 

It  has  been  found  that  for  the  three  types  of  fibres,  heat- 
treatment  improves  the  structural  order  within  the  fibres.  It  is  found 
that  after  heat-treatment  the  crystallites  in  PBT  fibres  are  not  three 
dimensionally  ordered  but  show  only  two  dimensional  order  due  to  axial 
disorder  of  the  molecules.  In  the  case  of  the  PBO  fibres  there  is 
evidence  of  a  higher  level  of  axial  order  than  for  PBT  whereas  for 
ABPBO,  heat-treatment  leads  to  the  development  of  a  well-defined 
three-dimensional  crystal  structure  within  the  crystallites  in  :ne 
fibres. 


4-2  Tensile  properties 

The  ter.siie  properties  of  the  different  fibres  have  been  e.tamined 
in  detaii.  It  has  been  found  that  the  three  as-spun  fibres  undergo 
yielding  and  plastic  deformation  whereas  the  heat-treated  fibres  show 
approxi.mateiy  elastic  deformation  up  to  fracture.  Heat  treatment  is 
f.o'.:nd  to  significantly  increase  fibre  modulus  with  the  hignest  modulus 
being  obtained  for  HT  PBT  (267  GPaj  The  tensile  st'"ength  is  relatively 
unaffected  by  heat-treatment  and  the  highest  levels  of  strength  of  the 
order  of  3  GPa,  are  found  for  the  PBO  fibres.  The  elongation  to  brea>. 
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of  the  three  types  of  fibres  is  found  to  decrease  significantly  by  a 
factor  of  about  2  on  heat  treatment.  The  highest  elongation  has  been 
found  for  AS  A3PB0  (a.3%). 


4-3  Molecular  deformation 

It  has  been  demonstrated  that  molecular  deformation  in  the  fibres 
can  be  followed  using  Raman  microscopy.  It  is  found  that  for  ail  three 
types  of  materials  the  bands  in  the  Raman  spectra  shift  to  iower 
frequency  .on  the  application  of  an  applied  tensile  stress  or  strain. 
This  is  a  direct  reflection  of  the  macroscopic  deformation  of  the  fibre 
being  translated  into  deformation  of  the  rigid  rod  molecules  'within  the 
fibres.  It  is  found  for  a  particular  type  of  fibre  that  the  rate  of 
shift  of  the  Raman  peaks  increases  'with  fibre  modulus  showing  that  the 
improvement  in  mechanical  properties  is  due  to  the  molecules  becoming 
more  highly  deformed  at  a  given  fibre  strain  folicwing  .neat  treatment. 
It  has  also  been  shown  that  good  spectra  ca.n  be  obtained  from  ail  of 
the  fibres  within  an  epoxy  resin  in  a  composite  enabling  in  situ 
■  ■  b-  been  fo-’.nd  that  for  of 

the  fibres  the  rate  of  shift  of  the  Raman  bands  <  per  unit  strain  )  is 
less  in  compression  than  In  tension,  indicating  that  for  these  fibres 
the  Young’s  mcduius  may  be  lower  -.n  compression  than  in  tension.  Ire 
ratio  of  compression  than  in  tension  modulus  is  found  to  be  about  C..‘'o 
fc'  ?3T.  C.5  for  ?30  and  the  order  of  1  for  A3P30. 
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■i-4  Kinkband  formation 

The  formation  of  kinkbbands  in  the  fibres  has  been  followed  by 
the  a::iai  compression  of  blocks  oi  opo-  y  rc-sin  conb  -.ning  single 
fibres.  The  development  of  kinkbands  has  been  followed  usir.c  both 
direct  observation  and  f>om  si <  aii‘ -induced  shifts  in  the  P.aman  spectra 
of  fibres.  It  has  been  found  that  the  critical  strain  at  which 
kinkbands  form  can  be  determined  using  the  two  techniques  although  the 
values  of  the  critical  strain  are  generally  found  to  be  lower  using 
Raman  microscopy.  This  shows  that  the  Raman  technique  has  the  ability 
of  detecting  molecular  V:inking  before  any  icacroscopic  kinkband 
formation  can  be  observed  and  is  therefore  superior  to  other  methods 
that  are  employed.  Th  detailed  form  of  the  kinkbands  in  the  fibres  has 
been  examined  using  scanning  electron  microscopy  upon  kinkbands 
obtained  from  fibres  deformed  in  air,  although  their  detailed 


annearance  is  different  from  those  obtained  within  a 


composite. 


1 


4-5  Suggestions  for  further  work 

It  has  been  shown  that  Raman  microscopy  is  a  powerful  method  of 
following  the  tensile  and  compressive  deformation  of  PB2  fibres  and 
there  is  plenty  of  scope  for  extending  this  work.  It  would  be  of 
considerable  interest  to  look  in  detail  at  the  relationship  between  the 
compressive  fibre  modulus  and  kinkband  formation.  It  is  likely  that  a 
low  compressive  mcduius  will  lead  to  relatively  easy  kinkband 
formation.  The  Raman  technique  could  also  be  extended  to  look  in  detail 
at  the  micrcmechanics  of  the  deformation  of  PBZ  fibres  in  composites. 
Clearly  a  large  number  of  variables  covild  be  investigated  including 
fibre  surface  treatm.ent  and  fibre  volume  fraction  for  both  tensile  and 
compressive  deformation. 

It  would  also  be  of  interest  to  look  in  detail  at  th^  structure 
of  kihkbands  using  electron  microscopy.  High  resolution  techniques 
could  be  used  to  examine  the  changes  of  molecular  oritation  at  kinkband 
boundaries.  It  may  be  possible  to  relate  this  to  the  molecular 
deformation  determined  using  Raman  microscopy  and  hence  help  to  design 
fibres  with  improved  compressive  behaviour. 
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